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Background: The role of the 56-kDa gene 4 helicase-primase in T7 DNA replication is unknown.
Results: Individual hexamers of the 56-, 63-, or a mixture of the two have identical helicase activity. A mixture oligomerizes
more efficiently than the 63-kDa protein.
Conclusion: An equimolar mixture is optimal for coordinated DNA synthesis.
Significance: The 56-kDa gp4 optimizes the ratio of primase to helicase.

BacteriophageT7 expresses two formsof gene 4protein (gp4).
The 63-kDa full-length gp4 contains both the helicase and pri-
mase domains. T7 phage also express a 56-kDa truncated gp4
lacking the zinc binding domain of the primase; the protein has
helicase activity but no DNA-dependent primase activity.
Although T7 phage grow better when both forms are present,
the role of the 56-kDa gp4 is unknown. The two molecular
weight forms oligomerize by virtue of the helicase domain to
form heterohexamers. The 56-kDa gp4 and any mixture of 56-
and 63-kDa gp4 show higher helicase activity in DNA unwind-
ing and strand-displacement DNA synthesis than that observed
for the 63-kDa gp4. However, single-molecule measurements
show that heterohexamers have helicase activity similar to the
63-kDa gp4hexamers. In oligomerization assays the 56-kDa gp4
and any mixture of the 56- and 63-kDa gp4 oligomerize to form
more hexamers than does the 63-kDa gp4. The zinc binding
domain of the 63-kDa gp4 interferes with hexamer formation,
an inhibition that is relieved by the insertion of the 56-kDa spe-
cies. Compared with the 63-kDa gp4, heterohexamers synthe-
size a reduced amount of oligoribonucleotides, mediated pre-
dominately by the 63-kDa subunits via a cis mode. During
coordinated DNA synthesis 7% of the tetraribonucleotides syn-
thesized are used as primers by both heterohexamers and hex-
amers of the 63-kDa gp4. Overall, an equimolar mixture of the
two formsof gp4 shows thehighest rate ofDNAsynthesis during
coordinated DNA synthesis.

Bacteriophage T7 has a simple but efficient DNA replication
system (1) consisting of gene 5DNApolymerase (gp5), the pro-
cessivity factor Escherichia coli thioredoxin (trx),2 gene 4 heli-
case-primase (gp4), and gene 2.5 ssDNA-binding protein

(gp2.5) (Fig. 1A). gp5 forms a high affinity complex with trx
(gp5/trx) to increase the processivity of nucleotide polymeriza-
tion (2, 3). The helicase domain of the hexameric gp4 encircles
the lagging-strand DNA and unwinds dsDNA (4, 5) in a reac-
tion fueled by the hydrolysis of dTTP (1). The primase domain
in the N-terminal half of gp4 recognizes specific sequences on
the lagging-strand template at which it catalyzes the synthesis
of tetraribonucleotides that are used as primers for the initia-
tion of the synthesis of Okazaki fragments. Interactions
between the lagging-strand gp5/trx and theC-terminal helicase
domain of gp4 result in the formation of a replication loop con-
taining the nascent Okazaki fragments. The replication loops
have been observed by electron microscopy using a minicircle
replication system (6), and their formation has also been
observed using single-molecular techniques (7). gp2.5 coats the
ssDNA to remove secondary structures and also physically
interacts with both gp4 and gp5/trx, interactions essential for
coordination of leading- and lagging-strand DNA synthesis (8).
T7 phage encodes two forms of gp4, a 63- and a 56-kDa form.

The twomolecular mass forms are present in equal amounts in
phage-infected cells (9). The full-length 63-kDa gp4 consists of
the C-terminal helicase domain (residues 272–566) and the
N-terminal primase domain (residues 1–245) (Fig. 1B). The pri-
mase domain contains a zinc binding domain (ZBD, residues
1–56) and an RNA-polymerization domain (RPD, residues
68–245). The truncated 56-kDa gp4 (64–566) lacking the
N-terminal 63 residues of the 63-kDa protein are also produced
from an internal ribosome-binding site and a start codon
located in the gene 4. Consequently the 56-kDa gp4 lacks the
ZBD but contains the RPD of the primase and the helicase
domain (10, 11). The 56-kDa gp4 cannot catalyze template-
directed RNA synthesis, although it does form hexamers and
exhibits normal helicase activity (10, 11). The 63-kDa gp4 alone
is sufficient to support the growth ofT7�4 lacking gene 4.How-
ever, the rate of DNA synthesis in vivo and the efficiency of
plating of the phage are reduced in the absence of the 56-kDa
gp4 (9). The 56-kDa gp4, lacking primase activity, cannot sup-
port the growth of phage T7�4.
The presence of helicase and primase domains within the

same polypeptide is unique for T7 phage. In other prokaryotic
systems such asEscherichia coli and bacteriophageT4, separate
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genes encode the two proteins. Nonetheless, the primase and
helicase in the other systems have interacting domains, and the
two proteins function together at the replication fork (1, 12, 13).
Rather than having interacting motifs at the C terminus of the
primase and the N terminus of the helicase, the two domains in
gp4 are covalently connected via a linker of 26 residues (resi-
dues 246–271). This linker, together withN-terminal helices in
the helicase domain, is also essential for the oligomerization of
the protein into a functional hexamer (14, 15). A truncated gp4
(residues 241–566) containing the linker can oligomerize,
whereas gp4 (residues 272–566) lacking this linker cannot (14).
An alteration at position 257 (gp4-A257V) increases the oligo-
merization, whereas substitution at position 263 (gp4-D263N)
reduces oligomerization compared with wild-type gp4 (15).
The association of helicase with primase provides distinct

advantages. The T7 primase binds ssDNA weakly (Kd �
10–150 �M) (16), whereas the hexameric helicase surrounds
the DNA and binds tightly (Kd � 10 nM) thus stabilizing the
associated primase (17). The translocation of the helicase along
ssDNA also enables the primase to search the primase recogni-
tion sites. The presence of the primase within the hexameric
structure formed by the helicase domain may provide a mech-
anism for the coordination of leading- and lagging-strand
synthesis.
Several lines of evidence clearly demonstrate the rather rapid

and efficient equilibrium of gp4 monomers in solution with
those in hexamers. gp4-E343Qwith glutamic acid 343 replaced

by glutamine loses the ability to hydrolyze dTTP and to unwind
DNA (18). However, gp4-E343Q binds DNA tighter than does
the wild-type gp4 in the presence of �,�-methylene dTTP,
which mimics dTTP. The titration of wild-type gp4 by gp4-
E343Q results in an inhibition of DNA-independent hydrolysis
of dTTP in a linear manner indicative of a progressive replace-
ment of wild-type gp4 subunits by gp4-E343Q. However, inser-
tion of a single subunit of gp4-E343Q into a hexamer of wild-
type gp4 leads to a total inhibition of ssDNA-dependent dTTP
hydrolysis. These results indicate that gp4 and gp4-E343Q can
exchange freely within a hexamer (18). Hydrogen bonding
between Asn-468 in one subunit and Arg-493 in an adjacent
subunit of the gp4 hexamer is critical for helicase to bind DNA
(17). Neither gp4-N468R nor gp4-R493N binds ssDNA, but a
mixture of the two proteins binds DNA with optimal binding
observed at an equimolar ratio of the two proteins. The results
indicate that heterohexamers are readily formed, and hydrogen
bonding is restored between these two residues in adjacent sub-
units (17). The C-terminal tail of gp4 interacts with the trx-
binding domain of gp5/trx, increasing the processivity of
leading-strand DNA synthesis from 5 to 17 kb (19). Mixing
gp4-C�17 lacking the C-terminal tail with wild-type gp4 reduces
the processivity to 5 kb at a ratio of gp4-C�17 to wild-type gp4 of
1:5. The results indicate that replacement of a singlewild-type gp4
with gp4-C�17 is sufficient to prevent the exchange of gp5/trx at
the replication fork (19). Finally, the 56-kDa gp4 cannot catalyze
oligoribonucleotide synthesis due to the absence of the ZBD. An
altered 63-kDa gp4 in which lysine-122 is replacedwith alanine in
the active site of theRPD (gp4-K122A) cannot catalyze the forma-
tion of phosphodiester bonds and thus also is unable to synthesize
oligoribonucleotides (20). However, mixing the two proteins
results in the template-directed synthesis of oligoribonucleotides
(20). In this “trans” synthesis of oligoribonucleotides the ZBD of
the gp4-K122Amust contact the RPD of an adjacent 56-kDa gp4
subunit, indicating the formation of heterohexamer between the
63- and 56-kDa gp4. Therefore, the 56-kDa gp4 likewise freely
interacts with the 63-kDa gp4, and thus, heterohexamers of gp4
should exist in vivo.
A flexible linker of 11 residues (residues 57–67) connects the

ZBD and RPD. Both domains are essential for DNA-dependent
oligoribonucleotide synthesis. Although there is no structure
available on the association of the ZBD with the RPD, such an
interaction would appear to be certain, an interaction enabled
by the flexible linker connecting the two. In a crystal structure
of the T7 primase domain, two primase domains form a dimer
where the ZBD of one primase contacts the RPD of the other
(21). A crystal structure of the truncated 56-kDa gp4 is also
compatible with the ZBD of one subunit either contacting the
RPD on the same polypeptide (cis mode) or on an adjacent
subunit (trans mode) (22). Studies on the length of the linker
between the ZBD andRPD show shorter linkers are defective in
the synthesis of the initial dimer but are 2-fold more active in
their extension (23).
Why does the presence of the 56-kDa gp4 in phage-infected

cells enhance DNA replication and phage growth? In the pres-
ent study we have examined the effect of 56-kDa gp4 on oligo-
merization and on both primase and helicase activity. We have
also examined cis and trans mode in oligoribonucleotide syn-

FIGURE 1. Model of the replisome of bacteriophage T7 and the organiza-
tion of gp4. A, the T7 replisome consists of DNA polymerase (gp5), the pro-
cessivity factor E. coli thioredoxin (trx), the hexameric helicase-primase (gp4),
and the ssDNA-binding protein (gp2.5). The helicase unwinds dsDNA to gen-
erate two ssDNA templates for both leading- and lagging-strand DNA synthe-
sis by gp5/trx. The primase synthesizes oligoribonucleotides for use as prim-
ers for the lagging-strand DNA polymerase to initiate the synthesis of Okazaki
fragments. gp2.5 coats the lagging-strand DNA template. B, the 63-kDa gp4
has a C-terminal helicase domain (residues 272–566) with an acidic, flexible
C-terminal tail (550 –566) and an N-terminal primase domain (1–245). The
primase domain has an N-terminal ZBD (1–56) and an RNA RPD (68 –245). The
56-kDa gp4 (64 –566) lacks the ZBD but retains the RPD and helicase domains.
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thesis by the heterohexamer and the ability of the heterohex-
amer to coordinate leading- and lagging-strandDNA synthesis.

EXPERIMENTAL PROCEDURES

Materials

Oligonucleotides were purchased from Integrated DNA
Technologies. M13 ssDNA, � DNA, and T4 polynucleotide
kinase were purchased fromNew England Biolabs. The 63-kDa
gp4, 56-kDa gp4, 63-kDa gp4-D237A, 56-kDa gp4-D237A, gp5/
trx, and gp2.5 were overproduced and purified as described (2,
14, 20, 24, 25). Minicircular DNA was prepared as described
(26).

Methods

dTTP Hydrolysis—DNA-dependent hydrolysis of dTTP (27)
by a mixture of the 63- and 56-kDa gp4 was determined by
incubation of 200 nM gp4 (monomeric concentration), 10 nM
M13 ssDNA or 1 �M 60-mer ssDNA, and 0.3 mM [�-32P]dTTP
(0.1 �Ci) in 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM

DTT, and 50mMpotassiumglutamate at 37 °C for 20min. After
termination of the reaction by the addition of EDTA to a final
concentration of 25mM, the reactionmixture was spotted onto
a polyethyleneimine cellulose TLC plate. The TLC plate was
developed with a solution containing 1 M formic acid and 0.8 M

LiCl. After autoradiography of the TLC plate, the amount of
[�-32P] dTDP formed in the reaction wasmeasured using a Fuji
BAS 1000 Bioimaging analyzer.
DNA Unwinding—The DNA substrate used for DNA

unwinding consisted of a 5�-32P-labeled 75-mer ssDNA par-
tially annealed (54 base pairs) to a 95-mer ssDNA (see Fig. 3A,
inset (5)). The unwinding assay contained 50 nM gp4 (mono-
meric concentration), 50 nM DNA substrate, 5 mM dTTP, 40
mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM

potassium glutamate. After incubation at 37 °C for 2 min, the
reaction was stopped by the addition of a stop buffer to a final
concentration of 0.4% SDS, 40mMEDTA, 8% glycerol, and 0.1%
bromphenol blue. The ssDNA product was separated from the
dsDNA substrate on a 10% non-denaturing Tris borate-EDTA
(TBE) gel. The unwinding activities were determined by mea-
suring the intensity of each band (5).
Strand-displacement DNA Synthesis—M13 dsDNA (7.2 kb)

bearing a replication fork (see Fig. 3B, inset, and Ref. 28) was
used as the substrate for strand-displacement DNA synthesis.
The assay contained 40 nM gp5/trx, 200 nM gp4 (monomeric
concentration), 10 nM M13 dsDNA, 0.6 mM concentrations
each of dATP, dTTP, dCTP, and [3H]dGTP (60 cpm/pmol), 40
mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM

potassium glutamate. After incubation at 37 °C for 10 min, the
reaction was terminated by the addition of EDTA to a final
concentration at 40 mM, and the amount of [3H]dGMP incor-
porated into DNA was measured (28).
Single-molecular Measurement of Leading-strand DNA

Synthesis—Phage � dsDNA (48.5 kb) containing a replication
fork was attached to the surface of a flow cell via the 5� end of
one strand through biotin-streptavidin interaction (see Fig.
4A). The 3� end of the same strand was attached to a 2.8-�m
paramagnetic bead (Dynal) through a digoxigenin-anti-digoxi-
genin interaction (29, 30). A 3-piconewton magnetic force was

applied upward by positioning a permanent magnet above the
flow cell. Beads were imaged with a digital CCD camera with a
frequency of 2 times/s. The flow cell containing the tethered
DNAwas incubatedwith 20 nM gp5/trx and 120 nM gp4 (mono-
meric concentration, the 63- or 56-kDa gp4, or 1:1 mixture) in
40 mM Tris-HCl (pH 7.5), 10 mM DTT, 50 mM potassium glu-
tamate, 600 �M each of dATP, dTTP, dCTP, dGTP for 15 min.
After thorough washing the flow cell to remove any free pro-
teins, DNA replication was initiated by flowing the same buffer
containing additional 10 mM MgCl2 at 25 °C. Data were col-
lected and analyzed as described previously (29, 30).
Oligomerization—The assays for oligomerization of gp4were

performed as described previously (31) with minor changes.
The reactions contained 1–2 �M gp4 (monomeric concentra-
tion) in 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT,
and 50 mM potassium glutamate. The assays for oligomeriza-
tion of gp4 in the presence of ssDNA contained 50–800 nM gp4
(monomeric concentration) or 2 �M concentrations of a mix-
ture of 56- and 63-kDa gp4 (monomeric concentration), 2.5mM

non-hydrolyzable �,�-methylene dTTP, and the indicated
amounts of 60-mer ssDNA (radioactively labeled or non-la-
beled) in 40 mM Tris-HCl (pH 7.5), 10 mMMgCl2, 10 mMDTT,
and 50 mM potassium glutamate. For all the assays, after incu-
bation at 37 °C for 20 min, fresh glutaraldehyde was added to a
final concentration of 0.033%. The mixture was then incubated
at 37 °C for 5 min to cross-link and stabilize the protein oligo-
mers and then analyzed on a 10%non-denaturingTBE gel using
a running buffer of 0.25 � TBE at 4 °C (5, 31).
A protein mixture containing non-labeled ssDNA was

stained with Coomassie Blue (32). The same amounts of a mix-
ture of 56- and 63-kDa gp4without cross-linkingwere analyzed
on a Tris-HCl denaturing gel containing SDS and stained
simultaneously. gp4 oligomers in the non-denaturing gel and
gp4 monomers in the denaturing gel were identified, and their
intensities were measured using Odyssey v3.0 (33). The per-
centage of gp4monomer that was oligomerized to hexamerwas
calculated by dividing the intensity of the gp4 hexamer band in
the non-denaturing gel by the sum of the intensities of corre-
sponding two monomer bands in the denaturing gel.
The oligomerization of gp4 containing radioactively labeled

ssDNAwas carried out as described above except for the use of
32P-labeled ssDNA. After electrophoresis on the 10% non-de-
naturingTBE gel, the gel was subjected to autoradiography, and
the individual bands corresponding to gp4 hexamer and
dodecamer encircling labeled ssDNA were observed. The
amount of hexamer encircling ssDNAwas analyzed by compar-
ing the intensity of the radioactively labeled ssDNA in each
band with the standards using Fuji BAS 1000 Bioimaging ana-
lyzer. The amount was plotted against the hexameric gp4 con-
centrations and fitted to a hyperbola equation using GraphPad
Prism (Version 4.0c) to determine themaximal binding amount
(Bindmax) and the binding affinity of hexameric gp4 to ssDNA
(KD),

Bind � Bindmax[gp4]�([gp4] � KD) (Eq. 1)

where Bind is the amount of hexamer-ssDNA complex at each
concentration of hexameric gp4, Bindmax is the maximal
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amount of hexamer-ssDNA complex, and KD is the binding
affinity of hexameric gp4 to ssDNA.
Template-directed Oligoribonucleotide Synthesis—The

primer synthesis assay contained 0.2 �M concentrations of a
mixture of 56- and 63-kDa gp4 (monomeric concentration), 4
�M 60-mer ssDNA containing a primase recognition sequence
(5�-TGGTC-3�), 1mMATP, 1mM [�-32P]CTP (0.1mCi/ml), 40
mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM

potassium glutamate. After incubation at 37 °C for 30 min, the
reactions were stopped by the addition of EDTA, and the prod-
ucts were separated on a 25% sequencing gel containing 3 M

urea. After autoradiography of the gel, the amount of products
was determined using Fuji BAS 1000 Bioimaging analyzer as
described previously (34).
Examination of oligoribonucleotide synthesis in cis or trans

mode was carried out and analyzed similar to the described
above. The reactions contained 0.2 �M gp4 (monomeric con-
centration), 50 nM 110-mer ssDNA containing two primase
recognition sequences 5�-TGGTC-3�, 300 �M ATP, 300 �M

[�-32P]CTP (0.1 mCi/ml), 1 mM dTTP, 40 mM Tris-HCl (pH
7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium gluta-
mate. The gp4 preparations included 56-kDa gp4, 63-kDa gp4-
D237A, 63-kDa gp4, an equimolar mixture of 56-kDa gp4-
D237A and 63-kDa gp4, and an equimolar mixture of 63-kDa
gp4-D237A and 56-kDa gp4. After incubation at 37 °C for 20
min, the products were separated, and the amount of ACCA
was measured as described above.
Primase-dependent DNA Synthesis—The primase domain of

gp4 synthesizes tetraribonucleotides and then transfers them to
DNA polymerase for use as primers to initiate the synthesis of
Okazaki fragments. The primase-dependent DNA synthesis
reaction contained 20 nM gp5/trx, 200 nM gp4 mixture (mono-
meric concentration), 10 nM M13 ssDNA, 0.1 mM ATP and
CTP or 0.1mMACCA, and 0.3mM each of dATP, dCTP, dGTP,
and [3H]dTTP (10 cpm/pmol) in 40 mM Tris-HCl (pH 7.5), 10
mMMgCl2, 10mMDTT, and 50mMpotassiumglutamate. After
incubation at 37 °C for 10 min, the reactions were stopped by
the addition of EDTA, and the amount of [3H]dTMP incorpo-
rated into DNA was measured as described (35).
Leading- and Lagging-strand DNA Synthesis Using Minicir-

cular dsDNA—TheminicircularDNAused in these assays con-
sists of a dsDNA circle (70 bp) and a 5�-ssDNA tail (40 nt) (26).
The lagging-strand template contains two primase recognition
sites (5�-TGGTC-3�). The standard reaction (25 �l) contained
600 �M each of dATP, dCTP, dGTP, and dTTP, 300 �M each of
ATP and CTP, 100 nM minicircular DNA, 2 �M gp2.5, and 100
mg/ml bovine serum albumin in 40 mM Tris-HCl (pH 7.5), 10
mM MgCl2, 10 mM DTT, and 50 mM potassium glutamate. To
measure the leading- or lagging-strand DNA synthesis,
[3H]dGTP or [3H]dCTP (60 cpm/pmol) was, respectively,
added to identical but separate reactions. The 4�M gp5/trx and
3�M gp4 (monomeric concentration) weremixed and preincu-
bated at 4 °C for 5 min followed by dilution with a buffer con-
sisting of 40 mM Tris-HCl (pH 7.5) and 1 mM DTT to yield a
final concentration of 80 nM gp5/trx and of 60 nM gp4 in the
reaction. DNA synthesis was initiated by adding the proteins to
the reactionmixture and then incubating at 30 °C. Aliquots of 4
�l were taken at the indicated times, and the reaction was

stopped by the addition of EDTA. The amount of [3H]dGMPor
[3H]dCMP incorporated into DNA was measured as described
(26).
Synthesis of Oligoribonucleotides and Okazaki Fragments

Using Minicircular DNA—The assays for the synthesis of
oligoribonucleotides and Okazaki fragments were performed
under similar conditions to the leading- and lagging-strand
DNA synthesis. The assays contained 80 nM gp5/trx, 60 nM
63-kDa gp4, or the mixture of 30 nM 56-kDa gp4 and 30 nM
63-kDa gp4, 100 nM minicircular dsDNA, 2 �M gp2.5, 0.3 mM

ATP, 0.3 mM [�-32P]CTP (0.1 mCi/ml), 0.6 mM concentrations
each of dATP, dCTP, dGTP, and dTTP in 40mMTris-HCl (pH
7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium gluta-
mate. After incubation at 30 °C for 4 min, the reactions were
stopped by the addition of EDTA, and the products were sepa-
rated on a 25% sequencing gel containing 3 M urea. Each Oka-
zaki fragment contained a radioactive pppACCA at the 5�-ter-
minus. After autoradiography of the gel, theOkazaki fragments
were stacked in the well at the top of gel in confirmation of
previous results (36). All the oligoribonucleotides (AC,
ACC, ACCA) and Okazaki fragments, which all contained
[�-32P]CMP, were quantified by comparing the intensity of
[�-32P]CMP in each band to the standards. The percentage of
oligoribonucleotides used for the synthesis of Okazaki frag-
ments was calculated.

RESULTS

In this study we have addressed the role of the 56-kDa gp4 in
T7 DNA replication. The overall approach is to examine the
formation and function of heterohexamers containing various
ratios of two molecular weight forms of gp4. Because gp4 pro-
vides both helicase andprimase activities at the replication fork,
we examined both of these reactions catalyzed by hexamers of
63-kDa gp4, 56-kDa gp4, and by heterohexamers containing
varying ratios of the 56- and 63-kDa gp4.
Helicase Functions of gp4DNA-dependentHydrolysis of dTTP—

Gene 4 helicase translocates unidirectionally 5� to 3� on the
ssDNA to which it is bound, fueled by the energy of hydrolysis
of dTTP (27). Each of the six subunits of the hexameric helicase
hydrolyzes dTTP randomly in the absence of ssDNA, albeit at a
very slow rate. Upon binding to ssDNA, the rate of hydrolysis of
dTTP is increased by�50-fold (18). In the experiment shown in
Fig. 2, various ratios of the two molecular weight forms of gp4
were examined for DNA-dependent hydrolysis of dTTP. In the
presence of dTTP the hexamer of 63-kDa gp4 translocates on
ssDNA at a rate of 132 bases per second at 18 °C (37). DNA-de-
pendent hydrolysis catalyzed by the 56-kDa gp4 is slightly
higher than that catalyzed by the 63-kDa gp4 when measured
on either M13 ssDNA (Fig. 2A) or a 60-mer oligonucleotide
(Fig. 2B). Heterohexamers of gp4 had intermediate levels of
dTTP hydrolysis that increased as the amount of 56-kDa gp4 in
the hexamer increased (Fig. 2).
DNA Unwinding and Strand-displacement DNA Synthesis—

Unwinding of dsDNA by gp4 was measured using a DNA con-
struct resembling a replication fork (Fig. 3A, inset). The assay
measures the release of a radioactively labeled oligonucleotide
partially annealed to a complementary ssDNA. In the unwind-
ing assays (Fig. 3A), the total molar amount of the 63- and
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56-kDa gp4was kept constant, but their ratios were varied from
6:0 to 0:6, respectively. The 56-kDa gp4 had a 4-fold higher
activity than that observed with the 63-kDa gp4 (Fig. 3A). All
mixtures of the two proteins displayed higher activity than that
observed with the 63-kDa gp4 alone.
T7 gp5/trx cannot polymerize nucleotides through duplex

DNA and thus requires the helicase activity of gp4 to unwind
theDNA to expose an ssDNA template. Tomeasure the strand-
displacement synthesis mediated by gp5/trx and gp4, we have
used circular M13 dsDNA containing a 5�-ssDNA tail onto
which the helicase can load (Fig. 3B, inset). Strand-displace-
ment synthesis mimics leading-strand DNA synthesis. Again,
the 56-kDa gp4 yielded a 4-fold higher activity than that
observed with the 63-kDa gp4; any mixture of the two proteins
also exhibited higher activity than the 63-kDa gp4 alone. To
exclude the possibilities that these results were due to some
difference in the proteins arising from purification, we have
repeated these experiments using several different preparations
of the 56- and 63-kDa gp4. Results essentially identical to those
described here were obtained. We have also varied the protein
and DNA concentrations as well as the temperature. Similar
results were obtained (supplemental Fig. S1).

If both molecular weight forms of gp4 mediate unwinding
and strand-displacement synthesis independently, the activity
expected from a mixture of the two proteins would be the sum
of the two individual activities, as represented by the dashed
lines in Fig. 3. However, the results reveal a nonlinear increase
in activity in which the activity is greater than that predicted by
a mixture of the two proteins. These results clearly show that
heterohexamers are formed as only hexamers bind to DNA and

provide for DNA unwinding. Thus, these results are in agree-
ment with earlier studies described in the Introduction that
have revealed the assembly of heterohexamers (17–20).
Compared with the 63-kDa gp4, the 56-kDa gp4 and any

mixture of the two proteins shows higher activities in unwind-
ing and strand-displacement DNA synthesis. There are two
possible reasons for the higher activities of gp4 containing the
56-kDa gp4. (i) A single 56-kDa gp4 hexamer or a single hetero-
hexamer containing both forms of gp4 subunits has an intrinsic
activity higher than a single 63-kDa gp4 hexamer. This possi-
bility can be examined by determination of the helicase activity
of a single gp4 hexamer in leading-strand DNA synthesis with
gp5/trx by single-molecular measurement. (ii) The 56-kDa gp4
or the mixture of the two forms of gp4 can oligomerize to more
functional hexamers than the 63-kDa gp4. This possibility can
be addressed by measuring the oligomerization of each gp4
mixture.
Single-molecular Measurement of Leading-strand DNA

Synthesis—We have used single-molecular measurement (29,
30) to examine whether a single 56-kDa gp4 hexamer or any
single heterohexamer containing both gp4 subunits has higher
activity and longer processivity in leading-strand DNA synthe-
sis than a single 63-kDa gp4 hexamer (Fig. 4A). Bacteriophage �
duplex DNA containing a replication fork was attached
between the flow cell surface and a bead. A constant flow
yielded a 3-piconewton force on theDNAmolecule, a force that
does not influence the protein-DNA interactions (29). The
56-kDa gp4, 63-kDa gp4, or a 1:1 mixture of the two forms
together with gp5/trx was flowed over the DNA in a buffer
containing the four dNTP without Mg2� to assemble gp4 and
gp5/trx onto the replication fork. After removal of the free pro-
teins by continuing the flow of buffer, DNA synthesis was ini-
tiated by flowing buffer containing the four dNTPs and Mg2�.
Leading-strandDNAsynthesis progressively converted dsDNA
to ssDNA. The resulting ssDNA attached to the flow cell sur-
face was less extended than dsDNA, resulting in the movement
of the bead toward the flow source (Fig. 4A). The distance the
bead moved reflects the number of nucleotides in the ssDNA
and, hence, the amount of DNA synthesis (29).
Leading-strand DNA synthesis mediated by gp5/trx and the

63-kDa gp4 hexamer proceeds at a rate of 110 � 10 nt/s with a
processivity of 14 � 2 kb (Fig. 4B), values similar to previous
results (19). The 56-kDa gp4 hexamer and gp5/trx proceed at a
rate of 80 � 7 nt/s with a processivity of 11 � 1 kb. gp5/trx and
a 1:1 mixture of the 56- and 63-kDa gp4 mediates leading-
strandDNA synthesis at a rate of 87� 5 nt/s with a processivity
of 11 � 2 kb. The three rates of DNA synthesis and the proces-
sivity are similar, values that reflect the activity of a single hex-
amer. The results show that all three forms of gp4 have similar
helicase activity in leading-strand DNA synthesis.
Oligomerization of 56- and 63-kDa gp4—Unwinding of DNA

and strand-displacement synthesis mediated by gp4 is depen-
dent on the oligomerization of gp4 to form the functional hex-
amer. The single-molecular measurements presented above
show heterohexamers have the same activity as hexamers of
either molecular weight form alone. Therefore, the higher
activity of leading-strand DNA synthesis observed in the
ensemble experiments for the 56-kDa gp4 or for the mixture of

FIGURE 2. DNA-dependent dTTP hydrolysis. dTTP hydrolysis activity was
measured by incubation of 200 nM gp4 (monomeric concentration) and 10 nM

M13 ssDNA (A) or 1 �M 60-mer ssDNA (B) and 0.3 mM [�-32P]dTTP (0.1 �Ci) in
a buffer containing 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50
mM potassium glutamate at 37 °C for 20 min. gp4 consisted of a mixture of 56-
and 63-kDa gp5 in molar ratios ranging from 6:0 to 0:6. The reaction products
were separated by TLC, and dTTP hydrolysis was determined by measuring
the amount of [�-32P]dTDP produced from the reaction. The product amount
was fit to a linear line against the ratios of the 63- to 56-kDa gp4. Represen-
tative data from multiple experiments are shown.
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56- and 63-kDa gp4 may reflect their ability to oligomerize
more efficiently than the 63-kDa gp4.
The oligomerization of the 63- or 56-kDa gp4 was examined

by the mobility of the proteins on a non-denaturing gel (Fig.

5A). Before electrophoresis, the oligomers were stabilized by
cross-linking with glutaraldehyde (31). The 63-kDa gp4 oli-
gomerized to approximately equal amounts of hexamers and
heptamers as previously described (31). The 56-kDa gp4, how-

FIGURE 3. DNA unwinding and strand-displacement DNA synthesis. A, the DNA substrate used in the unwinding assay (inset) was composed of a 5�
32P-labeled 75-mer ssDNA partially annealed to a 95-mer ssDNA (54-bp duplex region). The unwinding assay contained 50 nM gp4 (monomeric concentration),
50 nM DNA substrate, and 5 mM dTTP in 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium glutamate. gp4 consisted of a mixture of 56-
and 63-kDa gp4 in molar ratios ranging from 6:0 to 0:6, respectively. After incubation at 37 °C for 2 min, the unwinding activity was determined as described
under “Experimental Procedures.” Error bars represent the S.D. of two independent experiments. B, the reaction for strand-displacement DNA synthesis
contained 10 nM M13 dsDNA containing a replication fork (inset), 0.6 mM concentrations each of dATP, dTTP, dCTP, and [3H]dGTP (60 cpm/pmol), 200 nM gp4
(monomeric concentration), and 40 nM gp5/trx in 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium glutamate. gp4 consisted of a mixture
of 56- and 63-kDa gp4 in molar ratios ranging from 6:0 to 0:6, respectively. After incubation at 37 °C for 10 min, the amount of [3H]dGMP incorporated into DNA
was measured as described under “Experimental Procedures.” Representative data from multiple experiments are shown.

FIGURE 4. Single-molecular measurement of leading-strand DNA synthesis. A, shown is a scheme for single molecule experiment. Phage � dsDNA (48.5 kb)
containing a replication fork was attached between the flow cell surface and a paramagnetic bead. The replication reaction contained 120 nM 63-kDa gp4 or
56-kDa gp4 or a 1:1 mixture (each at 60 nM) of the two forms of gp4, 20 nM gp5/trx in a buffer containing 600 �M concentrations each of four dNTP, 10 mM DTT,
and 10 mM MgCl2. During DNA synthesis, conversion of dsDNA to ssDNA coil shortens the length of the DNA strand attached to the bead and flow cell surface
resulting in movement of the bead against the flow direction. B, rate and processivity of leading-strand DNA synthesis mediated by gp5/trx and gp4 were
obtained by fitting using Gaussian and exponential decay distributions, respectively. Thirty-three, 32, and 32 single events were used, respectively, for 63-kDa
gp4, 56-kDa gp4, and gp4 mixture to determine the rate and processivity. S.E represent the accuracy in fitting of these distributions. Examples of trajectory for
each case are shown.
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ever, formed hexamers exclusively. The amount of hexamer
was �3-fold higher for the 56-kDa gp4 than that found for the
63-kDa gp4 (Fig. 5B). We previously showed that hexamers are
the functional form of gp4 (31). The 63-kDa gp4 heptamer does
not bind ssDNA; only hexamers bind to ssDNA (31). A higher
molecular weight complex, dodecamer (two hexamers) encir-
cling ssDNA, is also observed, although in much less amounts
(31). In the experiment presented in Fig. 5C we examined the
oligomerization of the 56- and 63-kDa gp4 in the presence of
radioactively labeled ssDNA and non-hydrolyzable �,�-meth-
ylene dTTP (38). After autoradiography of the gel containing
the protein, two bands containing radioactively labeled DNA
were observed (Fig. 5C). The major band migrating more rap-
idly corresponds to the hexamer containing ssDNA, whereas
the slower migrating minor band represents the dodecamer
bound to ssDNA, in agreement with previous results (31). The
intensities of the hexamer encircling ssDNA were measured
and plotted against the concentrations of hexameric gp4 and
then fit to a hyperbola equation to determine themaximal bind-
ing amount and the binding affinity (Fig. 5D). The binding
affinities of the 56- and 63-kDa gp4 to ssDNA are almost iden-
tical. Both molecular weight forms of gp4 have the same heli-
case domain and, therefore, would be expected to bind to
ssDNA in a similar fashion. On the other hand, the 56-kDa gp4
formed at least 3-fold more hexamer-ssDNA complexes than
did the 63-kDa gp4, most likely due to the more efficient oligo-
merization into hexamers in the absence of DNA (Fig. 5B).
Generally, the stability of a protein complex is affected by the

ionic strength. We examined the formation of hexamers in the

presence of ssDNA and �,�-methylene dTTP at various con-
centrations of NaCl (0–1 M) (supplemental Fig. S2). The
56-kDa gp4 formedonly hexamers at all concentrations ofNaCl
(supplemental Fig. S2A). The 63-kDa gp4 formed hexamers,
but heptamers were also observed at higher NaCl concentra-
tions. The 56-kDa gp4 formed more hexamer than did the
63-kDa gp4 at all concentrations of NaCl. The amounts of hex-
amer, heptamer, and dodecamerwere quantified usingOdyssey
v3.0 (33) and plotted against the NaCl concentrations (supple-
mental Fig. S2B). The maximal amount of hexamers was
observed at�0.4 MNaCl for both 56- and 63-kDa gp4, suggest-
ing that both forms of gp4 are affected similarly by ionic
strength.
Oligomerization of a Mixture of 56- and 63-kDa gp4—Both

56-kDa and 63-kDa gp4 contain the elements necessary for
oligomerization. However, the difference in the oligomeriza-
tion between the 63- and 56-kDa gp4 indicates that other fac-
tors also affect oligomerization. The obvious difference in
the two molecular weight forms is the absence of the ZBD
on the 56-kDa gp4, the form thatmore readily oligomerizes into
the functional hexamer. What effect will the 56-kDa gp4 have
on the formation of a heterohexamer containing both molecu-
lar weight forms? We have examined the oligomerization of a
mixture of 56- and 63-kDa gp4 in the presence of ssDNA and
�,�-methylene dTTP (Fig. 6). The total molar amount of the
twomolecular weight forms of gp4 was kept constant, but their
molar ratioswere varied from6:0 to 0:6. Consequently, the ratio
of ZBD in one hexamer varied from 0 to 6. Aftermixing the two
molecular weight forms, the mixtures were incubated with

FIGURE 5. Oligomerization and DNA binding of gp4. A, oligomerization of gp4 in the absence of ssDNA is shown. Oligomerization reactions (31) contained
various concentrations (1–2 �M, monomeric concentration) of 63- or 56-kDa gp4 in 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium
glutamate. After incubation at 37 °C for 20 min, glutaraldehyde was added and incubated for 5 min to stabilize any oligomers present. The oligomeric forms of
proteins were analyzed on non-denaturing TBE gels, and the proteins were stained as described under “Experimental Procedures.” The positions for hexamer
and heptamer are indicated. B, the relative amount of hexamer formed from 56- or 63-kDa gp4 was measured and plotted against the total protein concen-
trations. C, oligomerization of gp4 in the presence of ssDNA is shown. Oligomerization reactions (31) contained varying concentrations (50 – 400 nM, mono-
meric concentration) of 63- or 56-kDa gp4, 50 nM 60-mer 5� 32P-labeled ssDNA, and 2.5 mM �,�-methylene dTTP in 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM

DTT, and 50 mM potassium glutamate. After incubation at 37 °C for 20 min, glutaraldehyde was added to cross-link and stabilize any oligomers present. The
oligomeric proteins and ssDNA complex were analyzed on non-denaturing TBE gels, and the gel was subjected to autoradiography as described under
“Experimental Procedures.” The positions of gp4-ssDNA complexes are indicated. D, the amount of hexamer-ssDNA complex was measured by comparing the
intensity of the radioactively labeled ssDNA in each band with the standards, plotted against gp4 concentration, and fit to the hyperbola equation to determine
maximal binding amount (Bindmax) and binding affinity (Kd).
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glutaraldehyde to cross-link and stabilize the oligomers that
formed. The oligomerization state of the proteinswas then ana-
lyzed on a non-denaturing TBE gel (Fig. 6A). The identicalmix-
ture of gp4 without cross-linking was also electrophoresed
through a denaturing SDS gel (Fig. 6B). Proteins were stained
with Coomassie Blue. The amount of hexameric gp4 derived
from the intensity of the hexamer band in the non-denaturing
gel (Fig. 6A) and the total amount of gp4 calculated from the
sum of the intensities of the monomer bands in the denaturing
gel (Fig. 6B) were quantified using Odyssey v3.0 (33) (Fig. 6, C
and D), respectively. The percentage of gp4 that oligomerized
to hexamer was calculated by dividing the amount of the hexa-
meric gp4 by the corresponding total amount of gp4 (Fig. 6E).
The percentage increased from �5 to 25% as the ratio of
56-kDa gp4 to 63-kDa gp4went from 0:6 to 4:2. The percentage
remained constant at 25% as the amount of 56-kDa gp4 in the
hexamer was increased to 6:0.
To examine the formation of gp4 hexamer encircling ssDNA,

similar assays were carried out using radioactively labeled
ssDNA instead of non-labeled ssDNA (Fig. 6F). Because only
hexamer but not heptamer encircles ssDNA (31), hexamer-
ssDNA and dodecamer-ssDNA complexes were formed. The

amount of the hexamer-ssDNA complex wasmeasured by com-
paring the amount of the radioactively labeled ssDNA in the band
with standards. The percentage of gp4 that oligomerized to form
the hexamer-ssDNA complex was then calculated by dividing the
amount of the hexamer-ssDNA complex by the total amount of
gp4 in the reaction andplotted against the ratios of the twomolec-
ular weight forms of gp4 (Fig. 6G). The percentage of hexamer
formed increased from 4 to 15% as the amount of 56-kDa gp4
within the hexamer increased similar to hexamer formation in the
absence of DNA (Fig. 6E).
Oligomerization of a mixture of 56- and 63-kDa gp4 in the

absence of ssDNA and �,�-methylene dTTP yielded a similar
curve (supplemental Fig. S3). Oligomerization of a mixture of
the two forms of gp4 in the presence of ssDNA and �,�-meth-
ylene dTTP also showed a similar trend even at higher ionic
strength (0.5 M NaCl) (supplemental Fig. S4). However, in the
latter case more hexamer but less hexamer-ssDNA complex
was formed compared with those at lower ion strength.
All the oligomerization assays show that the percentage of

oligomers formed increases as the amount of 56-kDa gp4 sub-
units within the heterohexamer increases from a ratio of 0:6 to
�4:2. However, a further increase in the ratio of 56-kDa gp4 to

FIGURE 6. Oligomerization and DNA binding of gp4 mixture. A, the oligomerization assay for gp4 contained 2 �M gp4 (monomeric concentration), 2.5 mM

�,�-methylene dTTP, and 5 �M 60-mer ssDNA in 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium glutamate. gp4 consisted of a mixture
of 56- and 63-kDa gp4 in molar ratios ranging from 6:0 to 0:6, respectively. After incubation at 37 °C for 20 min, the oligomers were cross-linked with
glutaraldehyde and analyzed on a 10% non-denaturing TBE gel. The proteins were stained with Coomassie Blue. The positions for hexamer and dodecamer are
indicated. B, the same amount of mixtures of 56- and 63-kDa gp4 without cross-linking was analyzed on a denaturing gel. The proteins were stained with
Coomassie Blue. The positions for 63- and 56-kDa gp4 monomers are indicated. C, the intensity of the hexamer band in A was measured and plotted as a
function of the ratios of 63–56-kDa gp4 in the mixture. D, the intensities of the monomer bands in B were measured and plotted as a function of 63–56-kDa gp4
in the mixture. The intensity of both monomers was added, and the total intensity is also plotted as a function of the ratios of 63–56-kDa gp4. E, the percentage
of the gp4 that form hexamer was calculated by dividing the intensity of hexamer in C by the total intensities of the 63- and 56-kDa gp4 monomers in D.
F, oligomerization of gp4 mixtures on ssDNA were performed as in A except for using 5� 32P-labeled ssDNA instead of non-labeled ssDNA. After cross-linking
and analysis on a non-denaturing TBE gel, the gel was subjected to autoradiography. The locations of the gp4 hexamer or dodecamer containing radioactively
labeled ssDNA complex are indicated. G, the amount of hexamer encircling ssDNA was analyzed by comparing the intensity of the radioactively labeled ssDNA
in each band with the standards. The percentage of gp4 that forms hexamers was calculated by dividing the amount of hexamer-labeled ssDNA complex by
the total amount of gp4 in the mixture. The percentages are plotted as a function of the ratios of 63- to 56-kDa gp4. Representative data from multiple
experiments are shown.
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63-kDa gp4 does not yield an increase in hexamer formation.
These results do not match a proposed linear line connecting
the percentages of the 63- and 56-kDa gp4. The lack of a liner
relationship between the amount of hexamer formation and the
ratio of the twomolecular weight forms of gp4 suggests that the
maximal oligomerization occurs at roughly equimolar amounts
of the two forms of gp4. The oligomerization curves with
respect to the ratio of 56- to 63-kDa are similar to the curves
observed in DNA unwinding and strand-displacement DNA
synthesis with different ratios of the two proteins (Fig. 3). We
conclude that the various activities of strand-displacement
DNA synthesis for the differentmixtures of 56- and 63-kDa gp4
reflects the concentration of functional hexamers in solution
with maximal hexamer formation occurring at equimolar
amounts of the 56- and 63-kDa forms.
Primase Functions of gp4—Oligoribonucleotides are synthe-

sized more efficiently by the primase within hexameric gp4
than by gp4 monomers (39). The enhanced activity arises
from the high affinity of the hexamer to ssDNA and its ability to
translocate along ssDNA to access primase recognition sites.
The latter function is particularly important on longDNAmol-
ecules (1, 16, 17). As shown in the previous section, heterohex-
amers consisting of the 56- and 63-kDa gp4 are formed more
readily than are hexamers of the 63-kDa gp4 alone. Conse-
quently, more hexamers from a mixture of the two molecular
weight forms of gp4 could be more efficient in the synthesis of
oligoribonucleotides. A second consideration involving the pri-
mase activity is the relative use of the cis and trans mode of
oligoribonucleotide synthesis by a heterohexamer. We have
previously shown that theZBDonone subunit of a hexamer can
contact the RPD on an adjacent subunit for the template-di-
rected synthesis of oligonucleotides (20). In the heterohexamer
the 56-kDa gp4 subunits could function by supplying the RPD
for a trans mode synthesis of oligoribonucleotides using the
ZBD of an adjacent 63-kDa gp4. We have examined oligoribo-
nucleotide synthesis catalyzed by heterohexamers of gp4 and
measured the relative use of the cis and trans modes of
synthesis.
Oligoribonucleotide Synthesis by Heterohexamers of gp4—To

examine the synthesis of oligoribonucleotides by heterohexam-
ers of gp4, template-directed oligoribonucleotide synthesis was
examined using mixtures of gp4 in which the ratio of 63- to
56-kDa gp4 ranged from 6:0 to 0:6 (Fig. 7A). The products
pppAC, pppACC, and pppACCA were observed for all gp4
preparations except for the 56-kDa gp4. The amount of the
functional pppACCA synthesized was measured and plotted
against the ratios of the twomolecular weight forms of gp4 (Fig.
7B). The amount of tetraribonucleotides decreased with the
decrease in the ratio of the 63- to 56-kDa gp4 from6:0 to 4:2 and
then drastically decreased from 4:2 to 0:6. As anticipated, no
synthesis was observed with 56-kDa gp4 exclusively.
Cis and Trans Mode of Oligoribonucleotide Synthesis Cata-

lyzed by Heterohexamers—Primer synthesis requires the inter-
action of the ZBD and RPD with the DNA template and NTPs.
As described above, the ZBD and RPD from two adjacent gp4
subunits within a hexamer can synthesize oligoribonucleotides
in a trans mode (20). The length of the linker between the ZBD
andRPDaffects oligoribonucleotide synthesis (23). These latter

studies suggested that the de novo synthesis of diribonucle-
otides occurs in the trans mode but that their extension to the
functional tetraribonucleotide occurs in the cis mode. In this
study we have examined the two modes of oligoribonucleotide
synthesis using heterohexamers containing equimolar
amounts of the 56- and 63-kDa gp4. In a set in which primer
synthesis occurs only in trans mode, equimolar amounts of the
63-kDa gp4-D237A and 56-kDa gp4 were used to prepare het-
erohexamers. The 63-kDa gp4-D237A has aspartate 237
replaced with alanine and, as a result, is unable to catalyze the
synthesis of phosphodiester bonds (23). The 56-kDa gp4 is also
unable to catalyze DNA-dependent oligoribonucleotide syn-
thesis as it lacks a ZBD. Any oligoribonucleotide synthesis
must, therefore, arise by an interaction of the ZBD of the
63-kDa gp4 with the RPD of an adjacent 56-kDa gp4 subunit
within the heterohexamer. The cis mode was favored using a
heterohexamer containing an equimolar amount of 56-kDa
gp4-D237A and 63-kDa gp4. If the twomolecular weight forms
alternate within the hexamer, then synthesis is restricted to the
cis mode. However, the only way to assure only the cis mode is
to have one 63-kDa gp4 subunit within a hexamer. The mix-
tures of the various 56- and 63-kDa gp4, as expected, formed
heterohexamers in the presence of ssDNA and �,�-methylene
dTTP (supplemental Fig. S5).
To compare the cis and trans mode of template-directed oli-

goribonucleotides synthesis by heterohexamers of gp4, we used
a lower concentration of ssDNA (50 nM) (20). As expected, nei-
ther the 56-kDa gp4nor the 63-kDa gp4-D237Aalone catalyzed
the synthesis of oligoribonucleotides (Fig. 8, lanes 1 and 2). In

FIGURE 7. Oligoribonucleotide synthesis. A, oligoribonucleotide synthesis
by gp4 mixture was measured in a reaction containing 4 �M 60-mer ssDNA
with a primase recognition site, 5�-TGGTC-3�, 0.2 �M gp4 (monomeric con-
centration), 1 mM ATP, and 1 mM [�-32P]CTP (0.1 mCi/ml) in 40 mM Tris-HCl (pH
7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium glutamate. gp4 con-
sisted of a mixture of 56- and 63-kDa gp4 in molar ratios ranging from 6:0 to
0:6, respectively. After incubation at 37 °C for 30 min, the products were sep-
arated as described under “Experimental Procedures.” B, the functional prod-
uct (pppACCA) was measured and plotted against the ratios of the two
molecular weight forms of gp4 in the reaction.
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contrast, both the 63-kDa gp4 and the equimolarmixture of the
56-kDa gp4-D237A and 63-kDa gp4 catalyzed the synthesis of
tetraribonucleotides (Fig. 8, lanes 3 and 4), but the latter mix-
ture had approximately one-third that of the activity compared
with the 63-kDa gp4. An equimolar mixture of the 56-kDa gp4
and the 63-kDa gp4-D237A did catalyze the synthesis of tetra-
ribonucleotides but at only 2% that of the rate of the 63-kDa gp4
(Fig. 8, lanes 5 and 6).We conclude that themajor contribution
to oligoribonucleotide synthesis by a hexamer occurs in a cis
mode.
Primase-dependent DNA Synthesis—In the absence of exog-

enous DNA primer, DNA synthesis catalyzed by gp5/trx is
dependent on the primase activity of gp4. The ability of hetero-
hexamers of gp4 tomediate primase-dependentDNA synthesis
is presented in Fig. 9A. T7 DNA primase can also bind and
deliver preformed tetraribonucleotides complementary to a
primase recognition site to gp5/trx (34, 40). The tetraribonucle-
otide 5�-ACCA-3�was used as a primer to initiate DNA synthe-
sis in the presence of gp4 (Fig. 9B). Both the de novo synthesis of
primers and the utilization of the preformed tetraribonucle-
otides behaved similarly with the heterohexamers of gp4. The
amount ofDNA synthesis decreasedwith a decrease in the ratio
of the 63- to 56-kDa gp4 from 6:0 to 3:3 and then drastically
decreased from 3:3 to 0:6, with essentially no synthesis when
only 56-kDa gp4 was present.
The Replication Fork—In earlier studies we used a synthetic

minicircle to examine leading- and lagging-strand DNA syn-
thesis with a reconstituted replisome (26). Theminicircle, used
in Fig. 10, consists of a dsDNA circle (70 bp) bearing a 5�-ss-
DNA tail (40 nt) onto which gp4 can assemble. The lagging-
strand template contains the primase recognition site 5�-
TGGTC-3�. Because the minicircle is chemically synthesized,
we have dictated the base composition so that leading-strand
synthesis can be monitored by the incorporation of radioac-
tively labeled dGMP and lagging-strand synthesis by the incor-
poration of radioactively labeled dCMP (26). The leading

strand is synthesized continuously to yield products �10 kb in
length, and the lagging strand is synthesized discontinuously to
yieldOkazaki fragments with an average length of 2–3 kb (6). In
these earlier studies the 63-kDa gp4 was used exclusively.
Leading- and Lagging-strand DNA Synthesis—In the experi-

ment shown in Fig. 10, the reactions contained minicircular
dsDNA, hexameric gp4, gp5/trx, and gp2.5 at 100, 10, 80, and
2000 nM, respectively (6). gp4 consisted of a mixture of 56- and
63-kDa gp4 inmolar ratios ranging from6:0 to 0:6, respectively.
Leading- and lagging-strand DNA synthesis were monitored
for the first 5 min of the reaction during which the minicircle
was replicated hundreds of times based on the product sizes of
the leading-strand DNA synthesis (6). The amount of DNA
synthesis on either strandwasmeasured and plotted against the
reaction time for each ratio of the two forms of gp4 (Fig. 10,
A–G). The rates of DNA synthesis were calculated based on the
slope of the line and were compared at each ratio of the two
forms in the gp4 hexamer (Fig. 10H).

In the case of the 63-kDa gp4 alone, leading- and lagging-
strand DNA synthesis were coordinated as judged by their sim-
ilar rates of synthesis, in confirmation of previous results (6, 26)
(Fig. 10A). The heterohexamers containing both the 63- and
56-kDa gp4 at ratios of 5:1 to 3:3 also showed coordinatedDNA
synthesis (Fig. 10, A–D). However, the rates of DNA synthesis
gradually increased as the content of the 56-kDa gp4 increased.
At ratios of 2:4 to 0:6, the rates of the lagging strand decreased
significantly, and synthesis was no longer coordinated (Fig. 10,
E–G). Not surprisingly, no lagging-strand synthesis was
observed in the absence of 63-kDa gp4 (Fig. 10G). Overall, het-
erohexamers containing around equimolar amounts of the 56-

FIGURE 8. Cis and trans mode of oligoribonucleotide synthesis. Reactions
for oligoribonucleotide synthesis contained 0.2 �M gp4 (monomeric concen-
tration), 50 nM 110-mer ssDNA containing the primase recognition sequence
5�-TGGTC-3�, 300 �M ATP and [�-32P]CTP (0.1 mCi/ml), and 1 mM dTTP in 40
mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium gluta-
mate. The gp4 used in the reaction included the 56-kDa gp4 (lane 1), the
63-kDa gp4-D237A (lane 2), the 63-kDa gp4 (lane 3), an equimolar mixture of
the 56-kDa gp4-D237A and 63-kDa gp4 (lane 4), and an equimolar mixture of
63-kDa gp4-D237A and 56-kDa gp4 (lanes 5 and 6). These 63-kDa gp4-D237A
and 56-kDa in lanes 5 and 6 were prepared independently. After incubation at
37 °C for 20 min, the products were separated, and the amount of ACCA was
measured. The enhanced region of pppACCA is shown to the right.

FIGURE 9. Primase-dependent DNA synthesis. A, the assay for primase-de-
pendent DNA synthesis contained 0.2 �M gp4 (monomeric concentration), 20
nM gp5/trx, 10 nM M13 ssDNA, 0.1 mM ATP, and 0.1 mM CTP, and 0.3 mM

concentrations each of dATP, dCTP, dGTP, and [3H]dTTP (10 cpm/pmol) in 40
mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium gluta-
mate. gp4 consisted of a mixture of 56- and 63-kDa gp4 in molar ratios rang-
ing from 6:0 to 0:6, respectively. After incubation at 37 °C for 10 min, the
amount of [3H]dTMP incorporated into DNA was measured as described
under “Experimental Procedures.” B, the reactions were performed as in A
except for using 0.1 mM ACCA instead of 0.1 mM ATP and CTP.
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and 63-kDa gp4 showed the highest rate of DNA synthesis with
coordinated synthesis of the two strands (Fig. 10H).
Utilization of Oligoribonucleotides by gp5/trx during Coordi-

nated Leading- and Lagging-strand DNA Synthesis—In the
above experiments with theminicircle, it is remarkable that the
initiation of Okazaki fragments occurs only every 2000–3000
thousand nucleotides as the replisome passes over the two pri-
mase recognition sites every 70 nucleotides. Therefore, the
question arises as to whether oligoribonucleotides are synthe-
sized in excess during passage of primase recognition sites, or
perhaps oligoribonucleotides are only synthesized upon use by
gp5/trx. We have used the minicircle replication system to
address this question.
In the experiment shown in Fig. 11, we have used [�-32P]CTP

to monitor the synthesis of oligoribonucleotides at the primase
recognition sequence 5�-TGGTC-3� present in the minicircle.
At this site the functional tetraribonucleotide pppACCA is syn-
thesized and thus will be radioactively labeled as a result of the
incorporated [�-32P]CMP. Oligoribonucleotides synthesized
but not used by gp5/trx can be detected as well as those located
at the 5�-termini of Okazaki fragments. The products, both
radioactively labeled oligoribonucleotides and radioactively
labeled Okazaki fragments were separated on a 25% polyacryl-
amide gel (Fig. 11). The larger Okazaki fragments, as antici-

pated fromearlier studies (36), remained in thewell at the top of
each lane.
Using the 63-kDa gp4 (lane 1), the amount of Okazaki frag-

ments in the well at the top of gel was 0.056 �M, whereas the
tetraribonucleotide pppACCA synthesized but not used by
gp5/trx was 0.69 �M. Thus, only about 7.5% of the pppACCA
was used by gp5/trx for the synthesis ofOkazaki fragments. The
same totalmolar amount of a 1:1mixture of 63- and 56-kDa gp4
(lane 2) produced 0.018 �M pppACCA in Okazaki fragments
and 0.24 �M free pppACCA. Both of these amounts were
�3-fold less compared with those for the 63-kDa gp4 alone,
whereas the percentage of the utilization of ACCA for Okazaki
fragment synthesis remained approximately the same (6.9%).
The percentages of pppACCAused for the synthesis ofOkazaki
fragments were similar and independent of the presence or
absence of the 56-kDa gp4. The amount of Okazaki fragments
synthesized is proportional to the amount of tetraribonucle-
otide synthesized, a value that is in turn dependent on the num-
ber of 63-kDa gp4 subunits in a hexamer. Compared with the
63-kDa gp4, an equimolar amount of 63- and 56-kDa gp4 is
more efficient in lagging-strand DNA synthesis (Fig. 10) but
produces fewer Okazaki fragments (Fig. 11). These results indi-
cate that Okazaki fragments are longer than those produced by
hexamers of the 63-kDa gp4. Alkaline agarose gel analysis of the

FIGURE 10. Leading- and lagging-strand DNA synthesis mediated by gp5/trx and gp4 heterohexamers. Leading (blue)- and lagging (red)-strand synthesis
were measured using the minicircle (26). The reaction contained 100 nM minicircle DNA, 80 nM gp5/trx, 60 nM gp4 (monomeric concentration), 100 mg/ml
bovine serum albumin, 600 �M concentrations each of dATP, dCTP, dGTP, and dTTP, 300 �M concentrations each of ATP and CTP, and 2 �M gp2.5 in 40 mM

Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM potassium glutamate. gp4 consisted of a mixture of 56- and 63-kDa gp4 in molar ratios ranging from 6:0
to 0:6 (panels A–G), respectively. After incubation at 30 °C for an indicated time, aliquots were removed, and the was reaction stopped by the addition of EDTA.
The [3H]dGMP incorporated in the leading-strand DNA and the [3H] dCMP in the lagging-strand DNA were measured in identical but separate reactions as
described under “Experimental Procedures.” Representative data from multiple experiments are shown. H, the rates and their S.D. of leading- and lagging-
strand DNA synthesis were calculated based on the line slopes in (A–G) and plotted against the ratios of the two molecular weight forms of gp4.
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length of Okazaki fragments confirmed these results (supple-
mental Fig. S6).

DISCUSSION

Because the 63-kDa gp4 is sufficient to support the growth of
bacteriophage T7 (9), what is the advantage for T7 to express
the additional 56-kDa gp4? Over the years many hypotheses
have been put forth (9, 11, 41, 42) only to be eliminated as
additional biochemical and structural information became
available. Herewe show that the 56-kDa gp4 and anymixture of
the 56- and 63-kDa gp4 is more active than the 63-kDa gp4 in
the unwinding of DNA and in mediating strand-displacement
synthesis together with gp5/trx. A single molecule analysis of
individual hexamer of gp4 revealed that each of the single hex-
amer consisting of 56-kDa gp4, 63-kDa gp4, or heterohexamer
containing both molecular weight forms mediates strand-dis-
placement synthesis with gp5/trx at equal rates and processiv-
ity. The 56-kDa gp4 oligomerizesmore efficiently than does the
63-kDa gp4 as do heterohexamers containing 56- and 63-kDa
gp4. Clearly, the increased helicase activity observed with the
56-kDa gp4 and the heterohexamers of gp4 reflects the contri-
bution of the 56-kDa gp4 to oligomerization.
The above conclusions are based on the assumption that

mixing of the 56- and 63-kDa gp4 as well as genetically altered

forms of gp4 results in a fairly rapid equilibrium between gp4
molecules in solution and those within the hexamer. This com-
munication as well as several earlier studies supports this inter-
pretation (17–20). The 56-kDa gp4 and the 63-kDa gp4-K122A
form heterohexamer that catalyzes the DNA-dependent syn-
thesis of oligoribonucleotides in a trans mode (20) shows that
both molecular weight forms are present in the hexamer; no
oligoribonucleotide synthesis occurs with either the 56-kDa
gp4 or the 63-kDa gp4-K122A. Heterohexamers are also
formed by gp4-N468R and gp4-R493N (17) and wild-type gp4
and gp4-C�17 (19). Particularly convincing is the titration of
gp4-E343Q into a hexamer of wild-type gp4 where a single sub-
unit of gp4-E343Q entering the hexamer inhibits DNA-depen-
dent hydrolysis of dTTP, whereas the DNA-independent
hydrolysis of dTTP is inhibited in a linear manner as the wild-
type subunits are increasingly replaced by gp4-E343Q (18). In
our present study, DNA unwinding, strand-displacement DNA
synthesis, oligomerization of gp4 heterohexamers, and primer
synthesis all exhibit experimental curves that support this
exchange of subunits within the hexamer.
An interesting question is why the 56-kDa gp4 and hetero-

hexamers containing 56-kDa gp4 are more prone to oligomer-
ize as compared with the 63-kDa gp4. Both proteins contain all
of the motifs located in the helicase domain and the linker con-
necting the helicase to the primase known to be important in
oligomerization (14, 15). The obvious and only structural dif-
ference between the 56-kDa gp4 and the 63-kDa gp4 is the
presence of the additional 7-kDa ZBD on the 63-kDa gp4. If the
addition of each 63-kDa gp4 subunit to a hexamer contributes
equally to the inhibition, then oligomerization should increase
in a linear fashion corresponding to the increase in the content
of 56-kDa gp4. However, the experimental data show that the
extent of oligomerization remains constant when the ratio of
the two forms lies between 2/4 to 0/6.
The simplest explanation for the decreased oligomerization

with the 63-kDa gp4 is that the presence of ZBD structurally
interferes with the assembly of the hexamer, an interference
that increases as additional ZBDs are present in the hexamer.
Replacing subunits of the 63-kDa gp4 with the 56-kDa gp4
reduces this steric hindrance and improves the oligomeriza-
tion.When the number of subunits of 56-kDa gp4 in a hexamer
is sufficient for optimal oligomerization (ratio ranged from 2:4
to 0:6), the addition of more 56-kDa gp4 does not further
increase the efficiency of oligomerization. It suggests that steric
interference is present if two ZBDs are adjacent in a hexamer so
that the 63-kDa gp4 is prone to align alternatively with the
56-kDa gp4. In vivo, the equimolar amount of the 56- and
63-kDa gp4 should optimally oligomerize. Thus, although olig-
omerization of gp4 requires components of the helicase domain
and the linker connecting it to the primase domain, the more
distant N-terminal ZBD has a rather striking influence on hex-
amer formation. Previously, studies on the length of the linker
between the ZBD andRPD led to amodel inwhich the cismode
performs de novo oligoribonucleotide synthesis and primer
extension, whereas the trans mode catalyzed only de novo
oligoribonucleotide synthesis (23). In this study we find that
oligoribonucleotide synthesis mainly arises from a cis mode
with only minor contributions from the trans mode. Nonethe-

FIGURE 11. Utilization oligoribonucleotides by gp5/trx during coordi-
nated leading- and lagging-strand DNA synthesis. Left, lane 1, the assay for
synthesis of oligoribonucleotides and Okazaki fragments by 63-kDa gp4 and
gp5/trx contained 80 nM gp5/trx, 60 nM 63-kDa gp4, 100 nM minicircle, 2 �M

gp2.5, 0.3 mM ATP, 0.3 mM [�-32P]CTP (0.1 mCi/ml), 0.6 mM dATP, dCTP, dGTP,
and dTTP in 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, and 50 mM

potassium glutamate. After incubation at 30 °C for 4 min, the products were
separated as described under “Experimental Procedures.” Lane 2, synthesis of
oligoribonucleotides and Okazaki fragments by 63- and 56-kDa gp4 is shown.
The reaction was performed as in lane 1 except that 30 nM 63-kDa gp4 and 30
nM 56-kDa gp4 replaced 60 nM 63-kDa gp4. The oligoribonucleotides and
Okazaki fragments are denoted to the right. The Okazaki fragment region was
amplified. Right, the amount of tetraribonucleotides and Okazaki fragments
was measured by comparing the intensity of [�-32P]CMP in each band to the
standards. The percentage of the oligoribonucleotides used for the synthesis
of Okazaki fragments was calculated.
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less, our results do not rule out a role of the transmode of oligo-
ribonucleotide synthesis during coordinated DNA synthesis.
Althoughwe examined oligoribonucleotide synthesis andOka-
zaki fragment synthesis in a coordinated system, the large
amount of unused oligoribonucleotides makes it difficult to
definitively identify the specific mode occurring at the replica-
tion fork.
The amount of Okazaki fragments synthesized is propor-

tional to the amount of oligoribonucleotide synthesized, which
in turn, is dependent on the number of 63-kDa gp4 subunits in
a hexamer. The percentage of oligoribonucleotides synthesized
was similar for the 63-kDa gp4 and heterohexamers of gp4,
independent of the ratios of 63- and 56-kDa gp4 within the
hexamer. On the basis of our results, we propose a model for
oligoribonucleotide synthesis and utilization. A hexamer con-
taining a high ratio of the 63-kDa gp4 more efficiently synthe-
sizes oligoribonucleotides, most likely due to a higher probabil-
ity that one of the 63-kDa gp4within the hexamer will contact a
primase recognition site. If the trans mode was preferred, the
presence of 56-kDa gp4within the hexamer should, if anything,
increase oligoribonucleotide synthesis. During coordinated
leading- and lagging-strand DNA synthesis a priming loop is
formed upon oligoribonucleotide synthesis by the primase (43).
However, due to weak binding of the T7 primase to its recog-
nition site, as determined by surface plasmon resonance (44),
priming loops are most likely quickly resolved, and the oligo-
ribonucleotides are dissociated into solution. In this study we
estimate that 93% of the oligoribonucleotides are present in
solution and not used to initiate the synthesis of Okazaki frag-
ments.Onlywhen the primase-DNAcomplex at the replication
fork interacts with gp5/trx, the complex is sufficiently stable for
the initiation of synthesis of an Okazaki fragment.
In vivo the mixture of 56- and 63-kDa gp4 can support T7�4

growth 10-foldmore efficiently than by only the 63-kDa gp4 (9).
In vivo DNA synthesis is �5–6-fold more efficient in the pres-
ence of both proteins than that in the presence of only 63-kDa
protein (9). In vitro strand-displacement DNA synthesis is
increased 4–5-fold for themixture of the twomolecular weight
forms of gp4 relative to the 63-kDa gp4 alone. However, coor-
dinated DNA synthesis is increased about 50%. It is often diffi-
cult to compare directly the results obtained by different assays.
For example, overexpression of gene 4 in T7�4 complementa-
tion assay leads to an underestimate of the defect in an altered
gene 4 protein. However, as clearly demonstrated in previous as
well as this study, the presence of 56-kDa gene 4 protein is
advantageous to all gp4 functions.
In the replisome systems of E. coli or phage T4 (12) as well as

in eukaryotic systems, the helicase and primase are encoded by
two separate genes but require a physical association to func-
tion properly. In the replisome of E. coli, three DnaG primases
are associated with a hexamer of DnaB helicase to form a func-
tional complex (1, 13). The crystal structures have identified
three DnaG primases bound to the hexameric DnaB helicase
(45). DnaB helicase alone catalyzes the unwinding of duplex
DNA with poor processivity. However, when associated with
the other proteins in the replisome, DnaB displays a high pro-
cessivity of unwinding DNA in the replisome (46). At the rep-
lication fork of phage T4, the gene 41 helicase also assembles as

a hexamer but with up to six gene 61 primase monomers (1).
The binding of theT4 primase to its cognate helicase stimulates
helicase activity (47). It has been suggested that three or less
primases form a stable complex with a helicase hexamer in T4
phage and Bacillus stearothermophilus (48, 49). Bacteriophage
T7 expresses equal molar amounts of the 63- and 56-kDa gp4.
At this ratio, heterohexamers are formed that consist of
equimolar amounts of the 56- and 63-kDa gp4. Because the
56-kDa gp4 is devoid of DNA-directed primase activity, the
hexamer consists of six helicase domains and three functional
primase domains. Consequently, the primase to helicase ratio is
the same as in these other systems where the two activities are
not covalently linked. At this ratio, leading- and lagging-strand
DNA synthesis are coordinated and faster than that obtained
with the hexamers of the 63-kDa gp4.
In the replisome of bacterial B. stearothermophilus, onemol-

ecule of the helicase binding domain of DnaG primase binds to
a dimer comprised of two N-terminal domains of DnaB heli-
case. Consequently, three DnaG primases are spaced around
the DnaB helicase hexamer (45). In the T7 system the repulsion
between two adjacent ZBD in a hexamer reduces hexamer sta-
bility. Thus the equimolar amount of 63-kDa gp4 and 56-kDa
gp4 in the T7-infected cells is prone to heterohexamers forma-
tion with the two forms arranged alternatively. However, it is
difficult to examine directly the alignment of the subunits
within a heterohexamer by electron microscopy as the 7-kDa
difference is near the limit of resolution. We have been reluc-
tant to increase the size of the 63-kDa gp4 by the creation of
fusion proteins or the addition of other bulky moieties as they
may well interfere with hexamer formation on their own. We
have attempted to identify the 56- and 63-kDa subunits using
fluorescent probes, but again the resolution is difficult.
The reduction of the number of active primase subunits

within the hexamer may have advantages in addition to the
favored oligomerization. Leading-strand DNA synthesis in a
coordinated T7 replication system pauses for 4–6 s upon the
synthesis of an oligoribonucleotide as measured by single mol-
ecule techniques (29). How does oligoribonucleotide synthesis
serve as a “molecular brake” for leading-strand synthesis? We
had originally proposed that if oligoribonucleotide synthesis
occurs in a trans mode, then contact of the ZBD of one subunit
with the RPD of another subunit within the hexamer would
prevent conformational changes that essentiallymove theDNA
through the central core of the hexameric helicase (1). Despite
this elegant design of a molecular brake, our current experi-
ments do not support nor completely eliminate this model.
Whatever themechanismof themolecular brake, the reduction
of the number of active primases within the replisome could
eliminate unnecessary halting events during DNA synthesis. In
addition it should be noted that the 56-kDa gp4 is much less
stringent in its ability to transfer oligoribonucleotides of vary-
ing complexity to gp5/trx (40). Even E. coli total tRNAwith the
3� sequence 5�-ACCA-3� can be delivered by the 56-kDa gp4 to
initiate the lagging-strand DNA synthesis, whereas the 63-kDa
gp4 cannot (40). Consequently, the 56-kDa gp4 provides a
backup system in the event that de novo synthesis of oligoribo-
nucleotides cannot occur. Recently, we also found that the
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56-kDa gp4 takes a more important role in the initiation of
DNA replication than does the 63-kDa gp4.
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